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1.0 INTRODUCTION

This Annual Scientific Report sunmarizes research accomplished during

m the second year (January 83 to January 84) of AFOSR Grant No. AFOSR-82-

0041A. The objective of this effort is to determine the manner in which

"small" fatigue cracks initiate at notches, extend by cyclic loading,

interact with adjacent flaws, and coalesce into a single dominant crack

which controls final fracture. The desired product is a predictive

schere capable of analyzing the early stages of fatigue crack growth

which are characterized by the growth and link-up of small cracks.

Reearch toward this goal is directed at the following tasks.

1. Crack Growth Predictive Alorithm. A computer program is being

developed to predict the growth and coalescence of multiple

cracks located at notches.

I 11. Crack Interaction Analysis. Stress intensity factors solutions

are computed for multiple cracks located at an open hole. These

solutions are required for the multiple crack growth algorithm.

Ill. Crack Coalescence Experiments. Fatigue tests are being conducted

with multiply cracked specimens to provide a data base to evaluate

the predictive model. Initially the model will be verified with

"large crack" results directed toward coalescence aspects of the

problem. Subsequent experiments will focus on coalescence of

"small" cracks.

IV. Characterization of Small Cracks. This phase of the effort is

directed toward the growth and coalescence of physically small

cracks. These data will be used to characterize the growth of
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Posmall" flaws, which are expected to behave differently than

"large" cracks.

IAdditional details of these goals and progress to date are described in

the rem~aining sections of this report.
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2.0 SUMMARY OF PROGRESS AND ACCOMPLISHMENTS

2.1 Task I ProgreSs - Crack Growth Alqorithm

A computer program has been written to analyze the multiple crack

configurations shown in Fig. 1. Various combinations of surface and/or

corner flaws are assumed located along the bore of a circular hole. It

is assumed that linear elastic fracture mechanics are valid and that

crack growth rates are controlled by the stress intensity factor K.

Stress intensity factors are estimated at the major and minor crack

axes (locations I to 6 in Fig. 1) by modifying the solutions for single

cracks in a large body (1] with an interaction factor [2] developed here

for coalescing cracks. (The interaction solution is discussed in the

Task It progress section). The crack tips are allowed to grow indepen-

dently at their major and minor axes without specifying crack shape

* changes. The multi-degree of freedom program predicts the growth of

the separate initial cracks and their coalescence into single surface

corner, or through-the-thickness flaws as shown in Fig. 2. Sample

predictions and comparisons with test data are described in the Task

III progress section.

2.2 Task I Progress - Crack Interaction Analysis

A key element of the overall predictive scheme is determining the

interaction between adjacent cracks prior to their actual coalescence.

The presence of a nearby flaw, for example, causes in increased crack

growth rate as the two cracks approach each other. Although a few

authors have studied the magnification in stress intensity factors

due to coalescing cracks (3-6], solutions were not available for

multiple cracks at notches. Thus, one phase of the current effort is

p' A
- -'- i ' i -. " - . . '"" , .. .. t
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directed toward obtaining stress intensity factor solutions for coalesc-

ing cracks at fastener holes, a geometry which is also studied experi-

mentally in the current program.

The three-dimensional finite element-altering method [7-9] was

used to compute stress intensity factors for symnetric corner cracksm
located at opposite sides of a plate containing a hole loaded in remote

tension. Although the analysis was lirited to symnetric corner cracks,

several flaw shapes and sizes were considered. By comparing the double

crack results with corresponding solutions for single cracks, it was

possible to determine the effect of the second crack on the stress

intensity factor as the two flaws grow toward each other and eventually

touch.

Additional details of the crack interaction analysis are given in

Refs. 2 and 10. Those results have been described by a crack inter-

action factor which has been incorporated in the computer program

described in Task I to account for crack coalescence in the overall

prediction scheme. Experimental verification of the crack coalescence

predictions are described in the following section.

2.3 Task III Progress - Crack Coalescence Experimental [valuation

This phase of the effort is aimed at evaluating the numerical

scheme described in Task I for predicting the initial growth and

coalescence of multiple cracks located at notches. In order to

separate crack coalescence aspects from "small crack" phenomena, the

initial work involved experiments with coalescence of relatively

"large" cracks. Current vork with the small crack problem is described

separately in the Task IV section.

;I
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As surw arized in References 11 and 12, verification of the predic-

r tive crack growth model has included comparison with several sets of

experimental data. Both single cracks at holes and multiple coalescing

flaws have been studied. The multiple crack configurations include

coalescing cracks at open holes in polyniethylmethacylate (PIIA) plates

(transparent polymer specimens which allow direct observation of the

crack plane), PMMA bend specimens, and metal edge notch specimens.

Excellent results [11,12] have been obtained for large corner

cracks which coalesce along the bore of an open hole in a P4A tension

specimen (Figure Ic configuration) and for small surface cracks which

occur along a semicircular edge notch in metal specimens. The PMMA

hole crack data were generated during the present program [13], while

the metal data were obtained from another investigation (14).

I The retal results described in an earlier progress report [12]

were obtained by Dr. A. Thakker with Waspalloy specimens shown in

Figure 3. Additional test results have been obtained by Thakker for

* titanium specimens (Ti-6-2-4-6), and crack growth predictions were

performed here. Typical predictions for the titanium small crack

coaluscence tests are given in Figures 4-7, while Fig. 8 summarizes

predicted and test lives for the titanium and Waspalloy experiments.

The tests were conducted with the edge notched specimen geometry shown

in Figure 3. Crack lengths were measured from fracture surface

markings made by heat tinting techniques. (The specimens were

periodically heated to oxidize the crack surfaces). Note that the

predictive model generally gives an excellent estimate for total

specimen life.

* .*"
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2.4 Tas k 1V Progress - Characterization of Smal1 Cracks

It is commonly known that physically small cracks may grow faster

than larger flaws subjected to similar stress intensity factor levels.

The assumptions regarding continuum behavior and linear elastic material

response lose validity as crack lengths become increasingly small. The

problem is further complicated by the presence of adjacent flaws which

often initiate simultaneously and which interact prior to the coalescence

process. The preceeding sections have described tasks directed toward

the coalescence problem. This prior work has concentrated on relatively

large flaws in order to separate small crack behavior from coalescence

phenomena. This section briefly outlines work aimed at the "small crack

problem."

A series of fatigue tests have been conducted with V-notched PIA

bend spe mens. Natural fatigue cracks were allowed to develop along

the V-notch and to coalesce into a single flaw. Time lapse photography

was used to record and measure the individual and coalescing flaws.

Flaw sizes (and shapes) less than 0.005 inches are routinely observed

and measured. Typical results are given in References 12 and 13.

In a few tests, the multiple cracks quickly joined to form short

through-the-thickness flaws. Stress intensity factors have been

estimated for these small cracks, and crack growth rates are compared

with baseline data for larger through-cracked specimens in Fig. 9.

These preliminary results indicate that small cracks grow faster than

large flaws (at similar AK levels), as typically observed in structural

metals.

Analysis of these tests is complicated by the stress field present

at the sharp V-notch. Additional analysis of the notch specimen are
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being conducted to verify the small crack behavior shown in Fig. 9. and

to allow predictions for the growth and coalescence of multiple surface

cracks at notches. It is recognized that this goal could be complicated

by nonlinear plastic zone effects which may limit the LEFM approach for

.he small crack tests.
S

121

'

. .. ..b-,'', .,- ,n ,~ .r, inj '- a .. . "' " ' '" . . .. .



8

3.0 PLANNED RESEARCH

This section briefly suirnarizes research planned for the remainder

of the proposed effort. For convenience, discussion is organized around

the four tasks described in the previous sections.

o 3.1 Task I Plans - Crack Growth Algorithm

The current crack growth model predicts growth and coalescence of

multiple cracks located at circular holes. Linear elastic fracture

r*chanics are assumed to be valid as stress intensity factors are

used to compute crack growth rates.

The multi-degree of freedom predictive program has been written

in a rodular manner, so that modifications may be made as required.

It is expected that new stress intensity factor solutions will be

added to analyze alternate specimen geometries (e.g. surface cracked

1r bend and semi-circular notched bend specimens). In addition, should

subsequent work indicate that LEFM does not apply to the small crack

tests, an alternate crack growth parameter (to AK) my be incorporated

in the predictive scheme. Current literature on nonlinear crack growth

(e.g. Ref. 15) will be studied as appropriate.

3.2 Task II Plans - Crack Interaction Analysis

Currently, the Neirnan/Raju (1] stress intensity factor solutions

for cracked holes, modified with a crack interaction factor [2] to

account for multiple cracks, form the basis for the original stress

intensity factor solutions. Although these stress intensity factor

solutions were derived for cracked holes in large plates, they have

been successfully modified with a "correction factor" [11] and applied g

I
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to semicircular notches loaded in remote tension (as required for the

crack growth predictions shown in Figs. 4-7).

It will be necessary to estimate stress intensity solutions for

the other specimen geometries employed in the experimental effort. These

other specimen types include the semicircular edge notch, V-notch, and
U:

keyhole specimens shown in Fig. 10. in addition, a surface cracked bend

specimen is also being investigated. All of these specimens are loaded

in four-point bending in a manner which provides direct observation of

the crack plane. Although these specimens are readily suited for the

experimental work, K solutions are not available for the notched geo-

metries, although Newman and Raju provide results for the surface crack

loaded in bending [17]. Stress intensity factors will be estimated for

the notched specimens either by the "correction factor" approach success-

fully employed for the semicircular edge notch tension specimen (11] or

by employing the "crack face pressure" stress intensity solutions given

in Reference 16. The semicircular notch bend specimen may be examined

in more detail with the finite element alternating method employed in

Reference 2. The goal here is to obtain reasonable stress intensity

factor estimates for the experimental effort, and not to conduct an

in-depth stress intensity factor analysis program for various crack

configurations.

Currently the interaction factors developed for symmetric corner

cracks at holes (2,10] are used to predict the increased growth rates

as two cracks approach each other. The present analysis assumes the

cracks are symmetric, located at open holes, and lie in the same

b plane. The results have worked well for cracked holes and semicircular

notches loaded in tension. As experimental results are obtained for

p-A
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nonsymmetric and slightly out-of-plane flaws, it may be necessary to

m* modify the interaction solutions. Again, potential modifications will

be "engineering type" estimates, since a rigorous three-dimensional

analysis of nonsynietric, out-of-plane cracks is beyond the scope of

EI the present investigation.

3.3 Task III Plans Crack Coalescence Experimental Evaluation

The goal here is to further evaluate the multiple crack growth and

coalescence scheme through comparison with additional experimental data.

To date, successful predictions have been obtained for symmetric

coalescing corner cracks at holes in PMWIA plates [11,12], and for small

surface flaws at semicircular edge notches in Waspalloy [12] and

titanium tension specimens (Figs. 3-8). In addition, experimental

results [13] have been obtained for coalescing flaws in PMIA bend

specimens (both the semicircular and V-notched configurations shown

in Fig. 10). As mentioned in Section 3.2, efforts are underway to

estimate stress intensity factors for these two notched bend specimens.

When completed, those solutions will be incorporated in the life

prediction program and predictions made for these Pt*A test results.

To expand the evaluation to a larger data base, tests are being

conducted with polycarbonate specimens. Polycarbonate is also a

transparent polymer, but exhibits considerably more ductility than

PM1I. Baseline fatigue crack growth data have been collected for the

polycarbonate material and are given in Fig. 11. Note that stable

fatigue crack growth rates (da/dN) are obtained at AK levels of 3,000

psi-in 1/2 for the polycarbonate, while as shown in Fig. 9, K for the11 lc

PMM is on the order of 1000 psi-in1/2. (Specific K, measurements will
C

P 2
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will be performed for both the PMMA and polycarbonate test material,

along with stress/strain curves.

Polycarbonate crack coalescence tests are being conducted with

cracked hole tension specimens and with a surface cracked bend geometry.

Experiments have also been conducted with the notched bend specimens

shown in Fig. 10. The cracked hole tension specimen shown in Fig. 12

has been analyzed by several investigators [1,2,7,16], and K solutions

are well established for many flaw shapes. In addition, existing finite

element-alternating method computer codes [2,16] may be applied to

analyze new flaw shapes of interest to the current effort.

The flawed hole specimen is somewhat awkward for experimental work,

however, since grips must be glued to the specimen ends and the crack

plane viewed with a mirror. More significant, however, is the fact

i that relatively large hole sizes are employed. Although this is not

a disadvantage for coalescence tests with "large" cracks, where large

stater flaws can be employed, the specimen is not as suited to small -.

crack studies. Since the hole radius is farily large, natural flaws

would not be expected to initiate in the same plane, and the coales-

cence study would be complicated by out of plane cracks. (see Figure

13) Although it will eventually be necessary to study the influence

of out-of-planeness on crack coalescence, it appears preferable to

initially study flaws which grow and coalesce in the same (or nearly

same) plane.

In order to employ a notch geometry with a smaller radius of

curvature, and, thus, confine crack initiation and growth to the

same plane, the V-notch and keyhole specimens shown in Fig. 10 were

examined. Both specimens were subjected to four-point bending to

" " """ ") . ? - , .-_ .: -,-, .. . " "' I
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simplify load application and viewing of the crack plane. All of

I these specimens have worked well for experimental studies on the

initiation of small fatigue cracks. Unfortunately, however, the notch

tip stresses significantly complicate analysis of the experimental

results.

Current work has focused on an unnotched bend specimen. Small

starter slots are placed adjacent to each other in the desired location

on the tension surface of a beam with a rectangular cross section. The

specimen is annealed to remove residual stresses introduced by the

preflaws, and the specimens are cycled in four-point bending. Small

fatigue cracks develop around the preflaws, and grow, eventually coal-

escing into a single surface or corner crack. The Newman and Raju

stress intensity factor solution for single surface cracks loaded in

m bending [17) will be modified with the crack interaction factor as

before, and incorporated in the life prediction scheme to predict

specimen life.

3In summary, then, work on this task will concentrate on conducting

more crack coalescence tests with polycarbonate and, perhaps, PMMA

specimens. Multiply cracked hole specimens will yield data on coal-

escence of fairly large flaws. It is planned to look at nonsymmetric

corner cracks, and surface/corner crack combinations which have not

been studied to date. This specimen closely matches the boundary

conditions assumed in the current analysis scheme (Task I), and is quite

suited for crack coalescence studies. Initiation and coalescence

studies with smaller fatigue cracks will employ the bend specimen.

Both polycarbonate, and, perhaps, few PMMA tests will be conducted.

I
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As mentioned previously, this specimen yields small, natural cracks,

which lie in nearly the same plane.

Although the original proposal suggested a small pilot study with

metal specimens, it is not believed that these tests are necessary now,

in view of the excellent results which have been obtained with the

Waspalloy (Figs. 18 to 23 in Ref. 12) and Titanium (Figs. 4 to 8 in

this document) specimens tested by Thakker [14]. It is felt more

appropriate to concentrate on further tests with PMMA and polycarbonate

specimens, where crack shapes and sizes are more accurately measured,

rather than diluting the effort on a small scale program with metal

specimens.

3.4 Task IV Plans - Characterization of Small Cracks

The goal here is to characterize the growth of very small fatigue

crack sizes to determine if they grow differently than large flaws.

Efforts will focus on the growth of single cracks (or widely separated

multiple flaws) so that small crack behavior can be separated from

coalescence phenomena. Since the cracks must have small physical

dimensions, they will be initiated "naturally" at local stress con-

centrations. It is important that the starter notches have well

defined dimensions, so that the local stress level can be determined

and appropriate crack parameters computed. Initially, for example,

crack growth rates will be correlated with the cyclic stress intensity

factor.

Currently the crack photographs are analyzed by projecting the

35 mm negatives onto a screen and measuring the enlarged image (approxi-

mately 30 x) to the nearest mm. Since this method is somewhat crude

6



U 14

and cumbersome, a film positioner has been built to measure the film

strips under a microscope. The film holder consists of two miciometer

positioners mounted perpendicular to each other. The micrometer heads

are calibrated in 0.0001 in. increments, allowing x-y coordinates to

U be located by cross hairs in the microscope and measured quite accurately

on the film strip. Steps have been taken to further automate the film

reader with electrical readout to display crack lengths automatically

in digital form, and, perhaps, be recorded directly for computer analysis.

It is felt the new film reader will significantly improve accuracy and

reduce the effort required to measure the crack lengths.

In summary, this task will focus on measuring crack growth rates

for small flaw sizes in both polycarbonate and PMMA specimens. Stress

intensity factors will continue to be used to characterize crack

*behavior, unless the results indicate LEFM is no longer valid. In

that case, an alternate crack tip parameter, such as a strain intensity

factor or the J integral, may be examined. If necessary, the multicrack

*growth and coalescence prediction scheme will then be modified to

incorporate the new crack growth characterization term.

P _
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4.0 PROFESSIONAL PERSONNEL, PUBLICATIONS, AND PRESENTATIONS

4.1 Personnel

A.F. Grandt, Jr. served as principal investigator for the research

effort. He was assisted by the following graduate research assistants

during the reported phase of the research.

T. McComb Mr. McComb is currently pursuing a M.S. program in the

School of Aeronautics and Astronautics. It is expected that

a portion of his research will be submitted as a M.S. Thesis.

R. Perez Mr. Perez completed requirements for the Master of

Science Degree in Aeronautics and Astronautics in August of

1983 with the Thesis entitled "Cyclic Growth and Coalescence

of Multiple Fatigue Cracks Located at Notches." He is

currently pursuing a Ph.D. at Purdue under a university fellow-

i ship, and continues to conduct research related to the AFOSR

grant goals.

J.E. Pope Mr. Pope is currently pursuing a Ph.D. program in

Aeronautics and Astronautics.

D.E. Tritsch, a Teaching Assistant supported by other School of

Aeronautics and Astronautics Department funds, worked on a

Masters Thesis which supports the goals of this research

grant. This thesis was completed in August of 1983 and is

entitled "Prediction of Fatigue Crack Lives and Shapes."

4.2 Publications and Presentations

The following papers have been published or presented.

B.J. Heath and A.F. Grandt, Jr., "Stress Intensity Factors for
Coalescing and Single Corner Flaws Along a Hole Bore in a Plate,"
Engineering Fracture Mechanics, Vol. 19, No. 4, 1984, pp. 665-673,
(copy included in Appendix)

S". .
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B.J. Heath, Stress Intensity Factors for Coalescing and Single
Corner Flaws Along a Hole Bore in a Plate," M.S. Thesis, Purdue

m5 University, May 1983.

R. Perez and A.F. Grandt, Jr., "Coalescence of Multiple Fatigue
Cracks at a Notch," Proceedings of the American Society of
Civil Engineers Engineering Mechanics Division Speciality
Conference, Purdue University, May 1983. Paper presented 24

1 May 1983. (copy included in Appendix)

R. Perez, "Cyclic Growth and Coalescence of Multiple Fatigue
Cracks Located at Notches," M.S. Thesis, Purdue University,
August 1983.

D.E. Tritsch, "Fatigue Crack Size and Shape Predictions," M.S.
- Thesis, Purdue University, August 1983.

A.F. Grandt, "Coalescence of Multiple Cracks at Holes," work
in progress presentation to ASTM Task Group, Pittsburg, PA,
November 1983.

The following reports have been submitted or are in preparation.

A.F. Grandt, Jr., R. Perez, and D.E. Tritsch, "Cyclic Growth
and Coalescence of Multiple Fatigue Cracks," accepted for
presentation and publication in the Proceedings of the Sixth

* International Conference on Fracture, New Delhi, India,
December 1984. (copy included in Appendix).

A.F. Grandt, Jr., A. Thakker, and D.E. Tritsch, "An Experimental
and Numerical Investigation of the Growth and Coalescence of
Multiple Fatigue Cracks at Notches," accepted for presentationl at the ASTM Seventeenth National Symposium on Fracture Mechanics,
Albany, New York, August 1984. Manuscript to be submitted for
publication in ASTM STP devoted to conference proceedings.
(Extended Abstract included in Appendix).
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Figure 8 Comparison of total crack growth life predicted by current

model with results of crack coalescence experiments

conducted by Thakker with Waspalloy and Titanium test specimens.
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multiple cracks

Figure 13 Schematic representation of multiple out of plane cracks
forming along the bore of an open hole.
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STRESS INTENSITY FACTORS FOR COALESCING
AND SINGLE CORNER FLAWS ALONG

A HOLE BORE IN A PLATE

B1 J. HEATH and A. F. GRANDT. Jr.

School of Aeronautics and Astronautics. Purdue Uniersity. W. Lafa)ette. IN 47907. U.S.A.

Abtract-The objectite of this paper is to descnbe the effects of crack interaction on stress intensity
factors for t-o s)mmetric coplanar corner flaws located along a hole bore. This numerical analysis
emplo)es the Finite Element-Alternating Method to determine Mode I stress intensit) factors for single
and coalescing corner flaws. Using single flaw stress intensity factors as a reference. analysis of crack size I - -

and shape effects on K, for coalescing corner flaws indicates the stress intensity factor for crack points
along the hole bore increa,,es as the crack tip separation distance decreases. Interaction effects are not • . .
experienced b) hole bore crick point, s, hen the crack tip ,eparation ditance is equal to or greater than half of
the largest corner flaw dimension.

INTRODUCTION

NATUR,,LLY occurring fatigue cracks frequently initiate at several independent points along the bore of
fastener holes. These individual flaws then grow and coalesce into a single dominant crack which
controls final fracture. Prediction of this coalescence phase of crack growth requires stress intensity
factor solutions for the individual cracks prior to their "link up" into a single flaw.

It is known that the stress intensity factor for a crack tip is influenced by the close proximity of an
adjacent crack tip[l- 41. Crack interaction effects on Mode I stress intensity factors (Ki) have been
studied by several authors 11-4). Various 2-dimensional K, solutions exist for interaction of coplanar
through-the-thickness cracks[3,4]. Kamei and Yokoburi[3], present a 2-dimensional stress intensity
factor solution for two asymmetric through-the-thickness cracks in an infinite sheet, while Benthem and
Koiler [41 give a 2-dimensional K, solution for two symmetric edge cracks. Murakami and Nemat-
Nassar [1] present an approximate 3-dimensional K, solution, obtained by the Body Force Method, for 7-
coplanar surface flaws in an unbounded solid. None of these solutions, however, consider coalescence of
coplanar flaws located along the bore of a hole in a finite thickness plate. Since multiple fastener hole
cracks often occur in ser% ice [5, 6], the present paper examines crack coalescence along a hole bore.

The objective of this paper is to describe stress intensity factor results for two adjacent cracks
located along the bore of a hole in a finite thickness plate. Figure 1 shows typical plate cross sections for
the symmetric and single crack configurations considered. Here a is the crack dimension measured along . - -

the hole bore; c is measured along the free surface; T is the plate thickness and D is the hole diameter.
The plate is loaded with a remote stress a applied perpendicular to the crack plane. The Finite

Symmetric Corner Crack

Configuration

T-T
' T

Single Corner Crack
Configuration

D-

T

-C*.

Fig. I. Schtmatic drauinr of crack plne sho'ting loation of %ingle and s)mmetric corner cracks located at
bore of hole.
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Ai ., ti: Alt'rr !ir,:: M th ,d (I iFAM) 17- 13) i% u..d to compute K, for ,,.r ft.Im tric (coal'scint) and sinygc
cot n r c r:ck 1, ahwm it;. hole bore.

Results are gitn in both tabular and graphical form for crack siCS in tII. range 0.25 .- alT <0.5 for
crack shapes ale : 1.11, 1.5, 2.0 and 3.0. (As described in earlier work [71, rumerical programming
difficulties prent analysis of quarter circular cracks, alc = 1.0, with the present computer codes.)
Crack shape and size effects on K, variation around the crack perimeter are presented for coalescing
corner flawks. Two and 3.dimensional st,.ss intensity factor solutions for other coalescing crack
configurations are compared sith the stress intensity factors generated for the corner cracked hole
geometry.

NUMERICAL APPROACH
1 Stress intensity factors for coalescencing cracks along a hole bore are obtained by the Finite

Element-Alternating Method (FEAM). The present parametric study makes use of computer codes
developed by Smith and Kullgren[7). The original codes were modified here to treat the coalescing crack
problem.

The FLAM calculates K, based on approximate surface crack bourdary conditions. An iterative
superposition of two solutions, one a 3-D finite element solution for an uncracked body under prescribed
surface Ioadings, and the second a stress solution for a flat elliptical crack in an infinite body with
nonuniform prescribed surface pressure, produce these approximate surface flaw boundary conditions.
Earlier applications of the FEAM to various other cracked hole problems are described in Refs [8-12].

The crack coalescence problem studied here requires modification of the finite element mesh and the
elliptical crack stress solution of [7] to produce the symmetric crack finite element model used in
conjunction with the coalescence option of the FEAM computer code.

Single crack model
The single crack model is a semi-circular plate with a hole. As in Fig. 2, this model has a hole radius

R. In order to minimize boundary effects in the region of the crack, the same outer plate radius of 12 R
(R = hole radius) used by Smith and Kullgren [7] is used. The single crack model employs 112 20-Node
isoparametric finite elements. The hole diameter to thickness ratio (D/T) is 0.5. The modulus of rigidity
for the plate is G = 12 X 106 psi with a Poisson's ratio of v = 0.3.

Symmetric crack model
Symmetric interacting cracks were studied by imposing a line of symmetry along the x = 0.5 face of

the original FEAM model with D/T = 1.0 as shown in Fig. 2. The hole radius, outer radius, and element
number are equivalent to the single crack model. In order to account for the line of symmetry, the
symmetric crack model has a D/T = 1.0 rather than DT = 0.5 for the single crack. As shown in Fig. 3,
the plane of symmetry imposed along the front surface of the plate, however, effectively doubles the

ORIGINAL FE-AM SINGLE CRACK

MODEL MODEL

D 0_ 7 .CK SURFACE. _

TD~ 0 1 -Y
x j

FRONT SURFACE ----- X

Z z

I --1R I 12 R

R R
Y -

IR

Fig. 2 Geometric model% emplo)cd for uncracked solution in FEAM iterati e algorithm. The half ring
geometrie, sh,,,n ',cre modeled h) 112 .-dimcnsiunal finite et , ents,
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Fag 3 S%rnmeric crack mocl ,,t.rinf bov frunt fuace rhne of s)mrnslcr) simulate$ double crack
problem.

s)mmetric crack model plate thickness. Thus, the symmetric crack model DIT equals that of the single
crack model (DIT - 0.5). Figure 3 shows how an infinite plate with tAo s mmetric cracks along the hole
bore is simulated when a corner flaw is applied to the FEAM symmetric crack model.

*DISCUSSION OF RESULTS
Stress intensity factors %ere generated for crack shapes alc = 1.11, 1.5, 2.0 and 3.0 by the FEAM

analysis. Each crack varied in size from 0.25 o WT < 0.5. The stress intensity factors for the corner
flaw configuralions considered are listed in Tables I and 2. Table I lists the stress intensity factor
varialion for the single crack in 15 degree increments of the elliptic angle 0 defined in Fig. 1. Stress
intensity factor results for the s)mmctric crack configuration are limted in Table 2.

These results provide a paramcric study of size and shape effects on the stress intensity factor
variation around the crack perimeter. For a single corner crack with alc 1.11, Fig. 4 shows the
variation of the dimensionless stress intensity factor (KIoVD) vs normalized elliptic angle (46.,) as
the crack size (alT) increases. Note that 6,.. - 90 degrees. Figure 5 shows the %ariation of Klo\/D
over the same alT range for to s)rnmctric cracks %ith the same alc = 1.11.

Recalling that 4 = 90' coieponds to the hole bore crack location, notice the increa,,cd magnitude of

Table I DimcnsionIess ,tess intersit) foctors for sinlr corner crack at open hole in a hrre plte loaded in rcreole
trn..ion Reulls risen a% a function of cr ck ,hAe alt, crack size a'T. and pf,,itii.n altonr ctip. priarramle dcfined by

paramctric anrtpe 6 (6 = 0' at front %urface and , - 90' at hole bore)

I is 30* 45. 60- e •90'

1.11 .?SO0 1.156 1.137 1.137 1.215 1.373 1.553 1.66S

.3000 1.238 1.198 1.183 1.259 1.431 1.633 1.76S

.3500 1.299 1.255 1.234 1.308 1.483 1.692 1.831

.4000 1.388 1.325 1.285 1.355 1.54? 1.773 1.933

.4500 1.479 1.404 1.347 1.398 1.571 1.794 1.952

.4750 1.496 1.426 1.371 1.422 1.592 1.813 1.968

.4875 1.519 1.440 1.378 1.428 1.607 1. ,40 .007

.4938 1.540 1.456 1.388 1.433 1.610 1.844 2.014

1.S .2500 1.184 1.192 1.202 1.260 1.360 1.47 1.133

.3000 1.270 1.250 1.237 1.49 1.409 1.95 1.617
.3500 1.317 1.93 1.79 1.337 1.40 1.591 1.676

.4000 1.394 1.353 1. 36 1.3S 1.53 1.676 1.780

.400 
I  1.448 1.400 1.362 1.411 .544 I.E, S 1.799

.4750 1.482 1.428 1.383 1.427 1.559 1.71? 1.819

.48,. 1.519 1.452 1.39$ 1.437 1.576 1.741 1.59

.4938 1.531 1.460 1.399 1.439 1.577 1.743 1.853

2.0 .2503 1.150 1.204 1.247 1.307 1.349 1.357 1.3:9

.3030 12.68 1.278 1 .2?, 1.330 1.397 1.437 1.458

.3"0 1.318 1.313 1.31S 1.3.S 1.440 1 .490 1.511

.4M,0 1.400 1.372 1.351 1.400 1.496 1.573 1.623

.4500 1.435 1.410 1.386 1.43? 1.53? I.596 1.645

.4750 1.48 1.434 1.407 1.451 1.54? 1.616 1.705

.487 1.480 1.444 1.414 1.460 1.562 1.646 1.705

.4-38 1.44. 1.47 1.413 1.460 1. 3 . SI 1.711
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0, is- 30 4A .60 75 1 go

30 *73 1 .20? 1,21? 1 Zvi1 I.~ 7 I i4, 1.103

.03 1.2)? 1.299 1.335 1.370 1. 3 I) l7 -r, 1.2091

.36CO 1.27S 1.376 1.3SO 1.4 DO 1.413 1.319 1.27

1j .400 1.333 1 .3S. 1,37) 1.4?7 1,410 1 .4;3 1.368
.4500 1.40? 1.410 1.411 1.456 1.497 I.4a4 1.403

.4M6 1.471 1.474 1.4?1 1.465 I.S10 1.470 1.421

.4676 1.4?9 1.4?9 1.478 1.483 1.53? 1.5:5 1.461

.493M 1.431 1.431 1.430 1.484 1 .547 1.511 1.467

Tal'!c ji ~~&nrc%% stc intensi) fazil'for Swmeiec Coincf crack-, located & ai nwerection of hole bore
ail te.-ni and l.,A turf.,C% of a ptc ln.~jrJ in rcrwic tcnrio.n Rc~uli% ritn it cr.J tip% Approach coale%ceflce
I a'T 0 5) In ICn Of CIA %bn dCr. Ct.A, Sie WET. anid "sosmrn al,,nf cca,k perimeter defined IS) pameric

&njlc W.6 9 at hole bore)

A/c 8ll . is. Js 30 46 j7

1.11 .25.00 1.121 1.145 1.187 1.777 1.422 1.655 1.595

r.3000 1.18S6 1.?0I 1 ?79 1.37S 1.479 1.677 1. 6w
.3',00 1.?I0 1.774 1.76? 1.377 1.660 1.133 1.79"

.4000 I.76 1.793 1.317 1,440 1.643 1.841 1.976

.4600 1.349 1.347 1. 381 I.S?6 1.765 2.001 7.101

.Also 1.360 1.356 1.41S I.595 1.87? 2.137 F c

.48)6 1.364 1. 366 1 .476 1.644 1.981 7. 30 2 441
.98 1.377 .37 1.474 1.700 2 1-7 7 6341. 2 2

1.6 .2600 1.171 1.219 1.7654 1.317 1.398 1.457 10

.300 1.237 1.273 1.7?96 1.358 1.450 1.676 1.S4S

.3600 L.AS 1.301 1.337 1.410 1.673 1.617 j1.64S

.4000 1.371 1.36? 1.3112 1.470 J1.601 1716 1 1.766

.4so0 1.35? 1.386 1.476 1.64? 1.709 -.es, 1.91?

0.4760 1.364 1.409 1.068 1.39? 1.-764 1.948 7.014
.487S 1.417 1.42S 1.474 1 636 1.877 7.0e. 2.173
.4938 1.476 1.406 1.464 1.683 2.010j 2.307 Z. 444

7.0 .2600 1.187 1.7?61 1.303 1.34S 1.373 1.359 1.321

.30003 1. ?66 1.376 1.367 1.388 1.42? 1.4231 1.397

.3600 1.281 1. 346 1.38S 1.444 1.501 1.616 1.499

.4300 1.3s0 1.394 1.471 1.484 1 S67 I.Sr.; 1. 600

.45002 1.3as 1.432 1.470 1.566 1 661 1.7)6 1.730

Also2 1. 39R 1.446 1.494 1 S97 1.719 1 .7. 1.8I06

.4076 1.416 1.4S? 1.603 1 634 1.797 1. 9: -. 936

.493.i 1.422 1 433 ~1 496 16804 1 93? .1 c! 7.8

130 .7600 1.2's? 1.357 1.396 1.374 1.313 1 F 1 1.701

.JZ 0D 1.761 1.3 72 1.416 1-476 1. 3P6 1 2(t 1.164

IS033 1.787 1 387 1.433 1.462 1.450 1.36? 1.760

.4300 1.319 1 418 1.467 I.510 1.S16 1.429 1.344

.4s33 1.385 1.468 1.49S 1.360 1.58S 1.S73 1.457
473 1.402 1.472 1.511 1.676 1.6?? 1SC5 1.497

4676 .407 1.471 I.670 1 611 1.693 1. .6 1I.6396

I t3 1 413 1.460 1 674 1.677 1.823 1 at^ 1.807
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KjIub/I) aloi the hole bore for the s)rnmettic configuration compared to the same location for the

siu'ec fl;,% as the crack si/c is irtc. ,,t'd. Usinr the -,itle flawk KJoVD as a tfcrcnce, the inflocrice of
all' on KI!r \1) for pattiut:, flav points on the s),mmetiic nodel crk pctimeter is shov-n in Fig".

6-8. I-or small crack sics (0.25; . aIT !0.3) showsn in Figs. 6-8. the sin2le and coalescing configurations
differ by a malirnurn of 4. Ilo-Acver, Figs. 6 and 7 show a significant increase in the symmetric crack

KId /D as compared to the single flaw KlaVD Ahcn the crack size approaches coalescence
(alT -- 0.5).

Follosing Mural.ami 11). a crack interaction factor "y is defined as the ratio of the stress intensity
factor for two cracks to the stress intensity factor for a single crack. Karrei and Yokoburi [3] have given
2-dimensional stress intensity factor solutions for two asymmetrical through-the-thickness cracks in an
infinite elastic sheet. By equating the crack lengths as shown in Fig. 9(a), and normalizing the crack tip
stress intensity factor expression by a\/r, the interaction factor -y for two symmetric through-the-
thickness cracks is obtained. The Benthem and Koiter 141 2-dimensional stress intensity factor solution
for two symmetric edge cracks (see Fig. 9b) may be used to compute the edge crack interaction factor
shown in Fig. 10. Hlete, the double edge-crack solution was divided by the stress intensity factor given
by Harris [14) for a single edge-cracked sheet which doesn't bend.

3.5

>2.3 __

__I

1.11.1 PHec

single -_

.5 . . . ,

.26 .30 . o . .S 150

a/T
Fig. 7. Comparion of dimensionless stress intensity factors for single and symmetric cracks with aspect

ratio alc = 1.11 at crack perimeter location, 45.

R/C=1.1! PHI=O
3.5

>2.3

.7 single -e

t.t__ _ _ _ :k !symmelric ".

.26 .30 M .4o .46 .60

a/T
Fig 8. C¢(,mrison of dimenw.vness stress intensity factors for single and s)~mr.c-ric cracks with aspect
ratio aic 11t sho'-ing slitht deaease in symmetric crack stress intensity ft:tor at surface location

(6 O0() as crack size OT increases.

L %-
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Sti'ss intcnsit factor, along a hole boic in a plate 671

aIC t

b

a a0

' SoS--- rsee

d

0

Fi.. 9. Interacting crack configurations represented by: (a) Kamei (through-the-thickness center cracks in a
large sheet), (b) Koiter and Benthem (through-the-thickness edge cracks), (c) Murakami and Nemet-Nasser
(surface cracks in a semi-infinite solid), and (d) present study (s'mmetric corner cracks located along hole

bore).

2NTERRCT1H FFCTOM2.0 -

0
-. 1.7 KAMEI

70 1.1t BENTHEM-KO ITER

ATC
D3 1.1

.! 0 1-$

S 10 IMURt-KAMI

tsep

Fig. 10. Comparison of effect of crack spacing t.pla on stress intensity factor for various 2- and
3-dimensional crack confZuralions. The interaction factor .y is defined as ratio of double to single crack

stress intensity factors.

Three-dimensional crack point interaction factors for symmetric semi-circular surface flaws (Fig. 9c)
are presented by Murakami and Nemat-Nassar in Ref. [1]. These coplanar flaws exist in an unbounded
solid. The present FEAM results were ucd to compute 3-dimensional interaction factors for symmetric
corner cracks along a hole bore (Fig. 9d). Figure 10 compares these 2-and 3-dimensional crack lip inicraction
factors as a function of dimensionless crack separation distance (t,,la). The through-the-thickness
interaction factor of Kamei [3] represents the limiting value of two interacting surface cracks, while the
BcnLhem and Koiter 14] edge-crack factor serves as a limiting valtie for the present study of interacting
cviner cracks. Due to a numerical instability in the FEAM code, values of crack interaction factors at
coakIscence (tUfa - 0) are not orbainable.

Notice the close proximity of the present FEAM results for corner cracked holes to the Murakami I!J
interaction factor for surface cracks. As the crack separation f,, exceeds approximately half of the
crack length dimension a, (tr,jO -0.5), the FEAM crack interaction factor sta-ilize at unity, indicating
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that the crack tip located along the hole bore is no longer influenced by the adjacent crack. For a given
t,.Ja, the maximum difteren..e in all hole bore interaction factors presented in Fig. 10 is 10.7%. Figure 10
indicate,, that crack si7e (a/T) dominates the increase in K, due to crack interaction at the hole bore.
while crack shape (aic) has only a slight influence. The effect of crack share on the hole bore interaction
factors is shown on an expanded scale in Fig. I.

Figure 12 presents the interaction factor at the plate surface (46 = 0). The factors decrease slightly
below unity in the range of 0 < (t,,la) -0.5. Figure 12 further indicates that the crack is free of influence
from the adjacent crack when the hole bore separation distance is greater than half the crack length a.
As the separation distance decreases, the decrease in K, at the plate surface is considerably less than the
increase in K, at the 'hole bore location (see Fig. 10). Thus, the effect of crack coalescence is fairly
localized, serving to increase K# for crack points in the vicinity of the hole bore. The free surface K,

i] however, is only slightly affected as crack separation approaches zero. Table 3 lists the hole bore and
free surface interaction factors for all aspect ratios considered. The decrease in K for the double
cracked case may be caused by elimination of through-the-thickness bending for the symmetric crack
configuration.

SUMMARY AND CONCLUSIONS
Several conclusions can be made about stress intensity factors for two symmetric coalescing corner

cracks. First, as two symmetric corner cracks approach coalescence (alT 0.5), the greatest increase in

INTR.C-TION FrCTCS
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Fig. It. Summary of the effect of crack spacing t, pa and crack shape ale on stress intensity factor
interaction at hole bore crack location (6) 901).
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Stress intensity facors along a hole bore in a plate 7

Table 3. 1)imcnsionlrss interaction factor, 1, defined as ratio of stress inlcn0it factor for %) mmrtric doublec crack
grtimesr) di~ided b) sinyle corner crack tcsult. Interaction factors given at hole bore (4, 90^0 and free surface

(4~ = 0 locations as functions of dimensionless separation along hole bore (l.,1Ia) and crack shape ale

INTERACTION~ FACTORS .

HOLE BORE (=90*) FREE SURFACE C=0-)

a/ .1 1.5 2.0 3.0 111 1.5 2.0 3.0

ts,, /a .025 1.352 1.312 1.278 1.228 .894 .931 .957 .988
.051 1.216 1.169 1.136 1.092 .898 .932 .956 .984
.105 1.143 1.107 1.084 1.053 .902 .934 .958 .987
.222 1.079 1.062 1.051 1.035 .912 .937 .965 .987
.500 .996 .987 .986 .982 .919 .948 .964 .990

.857 .983 .982 .987 .995 .932 .41611 .979 1.009
1.333 .952 .955 .958 .963 .957 .974 .999 1.020
2.000 .958 .964 .979 .980 .969 .989 1.033 1.041

stress intensity factor occurs at the crack point along the hole bore. The crack point at the free surface
- does not experience a significant stress intensity factor increase, but shows a slight decrease in K, as the

crack tips approach along the hole bore.
For crack points along the hole bore, crack interaction (stress intensity factor increase) does not

occur until the crack separation distance is equal to or less than half of the crack length a. The localized
effect of coalescence is found to depend strongly on crack size (ofT) and only weakly on crack shape
(aic). The Crack shape dependence indicates that the deeper cracks (smaller aic ratios) have a slightly
larger K (maximum 10.7% difference) at the hole bore location than more shallow flaws (lrer aic) with
the same crack length a.
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Coalescence of Multiple Fatigue Cracks at a Notch

R. Perez* and A.F. Crandt, Jr.**

This paper describes experimental results from fatigue tests con-
ducted with semicircular notched polymer specimens which contained two
cracks as shown schematically in Fia. 1. The two corner cracks were
located at opposite sides of the semicircular notch, with the left . -

crack defined by the lengths a1 and c 1  and the right crack by dimen-
sions a and c as shown in Fig.lb. In the same figure, d represents
the cra~k sepaFation.

1 1~

CAMERA L

a. Four-Point Bend Specimen

* T

d a,
C 71 Cr

CRACK I CRACK 2

• _ ____

b. Corner crack dimensions before coalescence

Fig. 1 Specimen geometry showing location of the camera and
schematic views of the crack plane.

Five experiments were completed and represented cases of symmetric,
nonsy.-netric, in plane and out of plane cracks. In each test, the pre-
cracked specimen was subjected to cyclic bending and subsequent crack
gro .'th photographed through the ends of the transparent specimen. As
the fatigue cracks grew the spacing d decreased to zero and the two
separate cracks coalesced into a single flaw with the cusped shape
shown in Fig. Ic. Projected images of the crack photographs were

*Research Assistant and **Associate Professor, School of Aeronautics
and Astronautics, Purdue University, W. Lafayette, Indiana 47907

1Perez and Grandt
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enlarged, measured, and scaled to actual size and the data recorded in
graphical form. Figs. 2 and 3 illustrate two representative graphs.

cC1

I]I

c. Crack dimensions after coalescence

Fig. l(Cont.) Specimen geometry showing location of the camera
and schematic views of the crack plane.
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Fig. 2 Crack growth before coalescence as a function of elapsed
h cycles for symmetric out of plane crack test T-5.
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Fig. 3 Crack growth after encounter and coalescence as a function

of elapsed cycles for nonsymmetric out-of-plane crack
test T-4.

It was observed that interaction effects between cracks were more
pronounced at the crack bore dimension (a) than at the crack surface
dinension (c). Interaction was characterized by an increased rate of
gro ;th of the bore crack length as shown in Fig. 4. This figure was
obtained by shifting the crack growth curve for the small crack horizon-
tally until both cracks had equal initial sizes. In a study of stress
intensity factors for interacting surface cracks Murakami and Nemat-
Nasser [1] point out that if the distance between the centers :of two
semielliptical cracks is greater than the addition of the length of the
smaller crack and half the length of the larger,. then the cracks will
not influence each other. Although this criterion for crack interac-
tion involves surface flaws in plates, it was applied successfully in
this study of interacting corner cracks along a notch.

Out of plane cracks grew past each other without linkup, and flaw
gro:th along the notch stopped. Crack growth perpendicular to the
notch and into the specimen interior continued so that a flat crack J
frornt formed in this direction. The crack tips at the hole bore even-
tually curved into each other and coalescence occurred. In plane
cracks simply coalesced to form a through-the-thickness crack.

J
After the cracks grew past each other in the out of plane crack

tests, the cusp dimension h grew very fast initially, but later slowed
down when a uniform flaw developed. Similar, but less pronounced, cusp
behavior was observed in the in plane crack test.

3 Perez and Grandt
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Fig. 4 Comparison between the crack growth curves of the small

and large cracks of test T-2.
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CYCLIC GROWTH AND COALESCENCE OF
MULTIPLE FATIGUE CRACKS

IEI A.F. Grandt, Jr.*, R. Perez4* and D.E. Tritsch**

*Professor and **Graduate Assistant,
School of Aeronautics and Astronautics,

Purdue University
West Lafayette, In.diana 47907 U.S.A.

ABSTRACT
I-

This paper describes an analysis scheme for predicting the fatigue life of
components which contain multiple cracks. Fracture mechanics techniques
are used to predict the initial growth and coalescence of two or more cracks
located along the bore of a hole. The results of experiments with multiply
cracked specimens are described and are compared with crack growth predic-

I tions obtained by the analysis method.

KEYWORDS

Fatigue cracks, crack coalescence, fatigue life predictionsI
INTRODUCTION

Fatigue cracks frequently initiate simultaneously near stress concentrations
formed by notches. These cracks may grow independently for a period, and
then, depending on their initial spacing, may join into a single dominant
crack which causes eventual failure. - The objective of this paper is to
describe an experimental and numerical program directed at predicting the
growth and coalescence of multiple fatigue cracks located at holes in
plates.

The particular geometries of interest are shown in Fig. I.. Here 2r is the
diameter of an open hole in a plate of thickness 2t. Initial surface and
corner flaws, which are described by portions of ellipses with semi-axis
dimensions a and c, are located along the bore of the hole. In the present
work, the two separate cracks are assumed to be coplanar, and a remote
tensile stress is applied perpendicular to the crack plane. Various combi-.
nations of surface and corner cracks are considered. The next section
presents a life prediction scheme for calculating the time required for the
-initial flaws to grow together, coalesce into a single crack, and extendto final failure. The following section then describes experiments with

multiply cracked specimens conducted to evaluate the numerical analysis.
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F" NUMERICAL ANALYSIS

The goal here is to describe an approach for predicting the initial growth
and eventual coalescence of separate cracks located along the bore of a hole.
The geometries of interest are summarized in Fig. 1. The semi-axis dimension
along the hole bore is given by a, while the crack depth is specified by c.
Subscripts I and 2 refer to cracks 1 and 2 respelctively. Crack tip locations
are defined by points 1 thru 6 as shown in Fig. 1.

;.'hen subjected to an applied stress, cracks I and 2 will grow. Let the fati-
gue crack growth rates for crack tips 1, 2, ..., 6 be dl/dN, d2/dN, ... ,

u d6/dN. Note that, in general, these crack growth rates will have different
values. The crack growth increments for a specified number of cycles AN of
loading are, however, related. Assume, for example, that the depth c2 of
crack 2 extends a small amount A5 during the interval AN. Now, AN is given
by Eq. 1.

AS

AN = (1)

dN

The growth Ai of crack tip i is given by

di dAN i A5 (2)
Ai dN dN d5

dN,

I where i takes the values I to 6 as appropriate.
(

Now, if the cyclic stress intensity factors AKi are known at crack tips 1,
2, ... , 6, the conventional fracture mechanics approach may be used to
compute the corresponding fatigue crack growth rates (at the various crack
positions) from Eq. 3.

2 di _ F(AKi) (3)
dN

Here di/dN is the crack growth rate at location i and F (AKi) is the appro-
priate fatigue crack growth model for the material of interest.

Stress intensity factors for the multi-cracked holes were obtained in the
following manner. First, the Newman and Raju (1981) solutions for single
surface or corner cracks located at holes were used to compute K at crack
tip locations I thru 6. Newman and Raju (1981) have fit empirical equations
to earlier finite element results obtained for the single crack geometries.
Their empirical solutions are readily coded for computer use, and provide
an effective means for interpolating between the original finite element
results obtained for discrete crack shapes.

The effect of the adjacent flaw was accounted for by an "interaction factor"
obtained previously by Heath and Grandt (1984). In that work, the
three-dimensional finite element- alternating method was used to compute
stress intensity factors for synnetric corner cracks located on opposite
sides the plate.thickness (the symmetric version of Fig. ic). The double
crack K was then divided by the corresponding result for a single flaw to
obtain the dimensionless interaction factor y given in Fig. 2. Here the

_. . . . ...... . ... ....... . . ... ... 1 .
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increase in K at the point where the corner crack intersects the hole bore

(locations 3 and 4 in Fig. Ic) is given as a function of dimensionless crack
spacing ts/a and crack shape a/c. Note in Fig. 2 that as the cracks approach
coalescence (ts/a <0.3), K is increased significantly along the hole bore.
In addition, flaw shape has a relatively minor effect on the increase in K.
Since, Heath and Grandt show'ed that the stress intensity factor at free sur-
face locations 2 and 5 is relatively unaffected by the approaching crack,
no interaction was considered at those points, and the single crack Newman-
Raju (1981) solutions were used to compute K there.

Thus, Equations I through 3 were solved in an iterative manner which allows
the cracks to grow naturally. When the crack tips 3 and 4 touch, a single --

corner, surface, or through-the thickness flaw was assumed as appropriate,
and the corresponding single crack K solution used to continue the analysis.
Other possible combinations, such as penetration of surface crack locations
I or 6 through a free surface to form corner flaws were also considered in
the algorithm. Additional details are given by Tritsch (1983). Sample
calculations obtained by this multi-degree-of-freedom analysis are compared
with experimental iesults in the following section.

[XPI R]II.IAL PROCUDURE

This section describes a set of experiments conducted with multi-cracked
holes to provide initial evluation of the predictive scheme. The double
cor,.er crack geometry given in Fig. Ic was considered here.

Test specimens were rachined from a single sheet of polymethylmethacrylate
I (PIIIA), a transparent polyrer. The specimens were 25.4 cm (10.0 in.) long,

8.9 cm (3.5 in.) wide, 1.9 cm (0.75 in.) thick, and contained a central
0.95 cm (0.375 in.) diameter hole. The specimens were annealed to relieve
possible residual stresses, and the ends were polished to transparency.
Small notches were cut with a razor blade along the hole bore (on opposite
sides of the plate thickness) to provide crack initiation sites. The speci-

Umens were then precracked in cyclic bending until fatigue cracks had
completely surrounded the pre-notches.

Following precracking, grips were bonded to the ends of the specimens and
a constant amplitude tensile load was applied at 2 Hz with a closed loop
electrohydraulic fatigue .)achine. Strain gages were mounted to the front
and back sides of the specimens to verify that uniform tension was applied
without bending. A cutout in one end.of the grips allowed a mirror to be
placed at an angle over the transparent specimen end and provided optical
access to the crack plane. Crack growth was recorded with a 35 mm camera,
and the film strips measured to give crack dimensions as a function of ' -
applied load cycles. Additional experimental details are given by
Perez (1983).

Fatigue crack growth curves for two specimens are given in Figs. 3 and 4.
Here the experimental measurements are given by the data points defined in
the legends on Figs. 3 and 4. Ieasurements are given for the four crack
dimensions al and cl (crack']) and a2 and c2 (crack 2) prior to coalescence.
Following link up, the surface dimensions cl and c2 of the through-the-
thickness flaw are also given.

The solid and dashed lines in Figs. 3 and 4 are predictions obtained by the

numerical scheme discussed in the last section. Baseline fatigue crack
p gro.th data (da/dN versus 6K) were obtained with additional through-cracked

'c .
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specinimns obtained from the same sheet of FI A and loaded at the same cyclic
frequency. A simple power law was used to fit these baseline data and
provided the crack growth model used for Fq. 3. Care was taken not to
extrapolate the fatigue crack growth law for the baseline data beyond its
limits of validity.

Note that the predictions of Figs. 3 and 4 generally agree quite well with
r. the experimental data. In both cases, coalescence occurred slightly before

the prediction, but actual fracture occurred shortly following the analysis.
The latter result is more likely due to conservatism in the analysis scheme
resulting from the fact that transition to a uniform through-the-thickness
flaw was assumed to occur inrwediately following coalescence (joining of
points 3 and 4). In actuality, a short period of time was required for the

I joined cracks to grow into a uniform front. More detailed measurements of
the transition crack growth are given by Perez (1983).

CONCI UDING REHARKS

- The objective of this paper has been to describe a procedure for predicting
the lives of coFrporsents which contain two or nore adjacent cracks. A multi-
dejree of free don model has been described for computing the initial growth,
coalescence, and final extension of corner and surface cracks located along
the Lore of a hole in an open plate. Experiments described here with corner
cracked holes in transparent polymer specimens gave excellent agreement with
the predictive model. Similar predictions have been made by the authors for
experiments in more conventional structural metals, and also show good
agrceiient between experiment and analysis. (It is planned to describe those
results in a separate paper.)

n* Althoughithe present model is limited to two initial cracks, the procedure
is readily extended to additional flaws. The stress intensity factor calcu-
lations for interacting cracks, based on the single crack solutions given
by te;-,an and Raju (1981) and modified by the crack interaction factor
obtained by Heath and Grandt for symmetric corner cracks, worked well for
the experiments which have been examined to date. It may be necessary to
develop alternate interaction factors for crack combinations which differ
greatly in size, as the Heath and Grandt result assumes symmetric flaws.
In addition, cracks which initiate in different planes may need to be
analyzed by an alternate procedure.
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AN EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE

GROWTH AND COALESCENCE OF MULTIPLE FATIGUE CRACKS AT NOTCHES
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ABSTRACT

The objective of this paper is to describe results of an

experimental and numerical study concerned with predicting the

growth and coalescence of multiple fatigue cracks. Naturally

occuring fatigue cracks frequently initiate at multiple sites

near stress concentrations. Individual cracks then grow by

cyclic loading, until eventually two or more adjacent cracks link

up into a single, dominant flaw which grows to final failure.

Figure I shows schematic examples of various surface and corner

* crack combinations located at the bore of a notch. The current

paper describes a life prediction scheme for computing the total

life of such multiply cracked notches.

The fatigue crack growth algorithm is based on conventional

linear elastic fracture mechanics concepts. Stress intensity

factors are computed at various points along the crack tip (such

Professor and Graduate Assistant, respectively, School of
Aeronautics and Astronautics, Purdue University, W.
Lafayette, IN 47907. •

Rolls Royce, Inc., 1915 Phoenix Blvd., Atlanta, GA 30349.

(Abstract of paper to be presented at ASTM 17th National Symposium

on Fracture Mechanics, Albany, NY, August 1984.)
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as points I to 6 in Fig. 1a). The fatigue crack growth law for

the component material is then used to compute an increment of

crack growth at these flaw locations. The crack shape then

changes, and the procedure is repeated in an iterative fashion

until the flaws coalesce, penetrate a free surface, or cause

fracture. The cycles required for growth of the multiple cracks,

and the resulting single coalesced flaw, are summed as the itera-

tion proceeds to give total life.

The stress intensity factors are based on solutions by New-

man and Raju (I) for single surface and corner cracks located at

holes. These single crack results are then modified by an

"interaction factor" obtained from a stress intensity factor

solution for multiple corner cracks (2). In this manner, the

influence of the adjacent flaw on the stress intensity factor at

i* crack tip locations 3 and 4 is determined (see Fig. la). Once

crack tips 3 and 4 join, a single surface or corner crack is

assumed, and the appropriate K solution for the single flaw (1)

I2 is employed. If the crack continues to grow, and becomes a

through-the-thickness flaw, then the appropriate through-crack K

solution is used. Additional modifications to consider semicir-

?_. cular edge notches are described in the paper.

A set of experiments with multiply flawed specimens were

* conducted to evaluate the multiple degree-of-freedom life predic-

tion analysis outlined above. Waspalloy and titanium specimens

were machined to the configuration shown in Fig. 2. Surface

cracks were initiated at small elox starter slots located along

. . . . .... .. .- • """.. -.' " ,
. '-- -- L ' # : ' W i i h * -i i~ I *ii i i ' - n - . " " ; 

"
- '' - "-l "



-3-

the bore of one of the semicircular edge notches. The specimens

"- were then cycled to failure under constant amplitude loading

applied perpendicular to the crack plane. The fracture surfaces

were periodically marked by heat tinting procedures (the test

temperature was briefly changed) so that the crack dimensions

could be determined following final specimen fracture.
"3

Figure 3 compares experimental and numerical results for a

typical test. The open symbols are measures of crack dimensions L

obtained by the heat tinting technique, while the solid lines

represent predictions by the numerical analysis. The results of

approximately one dozen tests are presented, and show that, in

general, the analysis scheme provides an excellent estimate for

the initial growth of the multiple cracks, their eventual coales- V

cence into a single crack, and growth of the final flaw.
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Figure 1Schematic of multiple cracks located along bore of a hole
*in a large plate. Hole diameter is 0, plate thickness is t,

and remote tensile stress is applied in z direction.

.- 4



'.3 
R

,-o-

Both Ends
Threaded

1.3 R

All dimensions are in mm

Figure 2 Drawing of test specimen showing specimen dimensions
and location of two semicircular edge notches.
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